The aim of this study was to understand the interactions between alkylammonium cations present as monomers and micelles and a clay mineral, montmorillonite, to develop slow release formulations of anionic herbicides, such as sulfometuron (SFM) whose leaching in soils is an environmental and economic problem. In the proposed formulation the herbicide is incorporated in positively charged micelles of quaternary amine cations, which in turn adsorb on the negatively charged clay. The adsorption of hexadecyltrimethylammonium (HDTMA) and octadecyltrimethylammonium (ODTMA) on montmorillonite was studied above and below their critical micelle concentrations (CMC). At concentrations above the CMC, the loading exceeded the clay's cation exchange capacity (CEC) and indicated higher affinity of the cation with the longer alkyl chain. An adsorption model could adequately simulate adsorption at concentrations below the CMC, and yield fair predictions for the effect of ionic strength. The model indicated that above the CMC adsorbed micelles contributed significantly to the amount of ODTMA adsorbed. Evidence for adsorption of ODTMA micelles on montmorillonite was provided by X-ray diffraction, freeze-fracture electron microscopy, and dialysis bag measurements. SFM was not adsorbed directly on the clay mineral, and adsorbed at low levels, when the organic cation was adsorbed as monomers. In contrast, a large fraction of SFM adsorbed on the clay mineral when incorporated in micelles that adsorbed on the clay.
INTRODUCTION
Surfactants such as alkylammonium cations can modify interface properties and form organized structures including micelles. The adsorption of alkylammonium cations on clay minerals has been widely studied (1) (2) (3) (4) . Alkylammonium cations adsorbed on several clay minerals up to the cation exchange capacity (CEC) by cation exchange, and adsorbed above the CEC by van der Waals forces through interactions among the alkyl chains of the cations, and between the alkyl chains and clay surface sites (5, 6) .
The affinity of organic cations to the clay has been described by an adsorption model, which considers two complexes: a neutral complex between a cation and a clay mineral site, and a positively charged complex of the cation with the neutral complex. For certain monovalent organic dyes the binding coefficients describing the complexations are several orders of magnitude higher than those of inorganic cations (7, 8) . The model predicted an increase in cation adsorption for monovalent organic dyes as a result of an increase in the ionic strength, at adsorbed amounts higher than the CEC. For quaternary amine cations the model predicted a decrease in the adsorption (9) .
Recent studies using atomic force microscopy focused on the structures formed by alkylammonium cations on a clay surface, above and below their critical micelle concentrations (CMC). The studies have indicated the presence of several different structures of surface aggregates including, under specific conditions, micelles (10) (11) (12) (13) .
Adsorption of organic cations on clay minerals, such as montmorillonite, at loadings up to the CEC, can result in modification of their surfaces from hydrophilic to hydrophobic. The hydrophobic organo-clay can be used as a sorbent of organic pollutants and as a basis for a formulation of hydrophobic herbicides, which can reduce their leaching in soil, as well as their surface migration (2, (14) (15) (16) (17) (18) .
The current work presents a new approach for the preparation of formulations of anionic herbicides, such as sulfometuron (SFM), which is a weak acid whose solubility in water increases at high pH. Consequently, leaching of the herbicide to deep soil layers poses a severe problem (19) (20) (21) . Our approach is based on incorporating SFM in the positively charged micelles of quaternary amine cations, which can adsorb on a negatively charged clay mineral, such as montmorillonite. SFM does not adsorb directly on the clay mineral.
As a first step in the design of such formulations, we present a study on the interactions between alkylammonium cations and montmorillonite. In this work the adsorption on montmorillonite of hexadecyltrimethylammonium (HDTMA) and octadecyltrimethylammonium (ODTMA) above and below their CMC, i.e., 1 mM and 0.3 mM, respectively, was studied at different ionic strengths and modeled. SFM was incorporated in these quaternary amine cation micelles, which were later adsorbed on a clay mineral.
Our study also includes X-ray diffraction measurements and freeze-fracture electron microscopy. A critical point was to explore transformations of micelles to monomers in the presence of the clay mineral surface, which can result in reduced adsorption of the anionic herbicide on the clay-lipid complexes.
MATERIALS AND METHODS

Materials.
The clay used was Wyoming Na-montmorillonite (SWy-2) obtained from the Source Clays Repository of The Clay Minerals Society (Columbia, MO). Its CEC is 0.8 mmol/g (8) . HDTMA, ODTMA, NaCl, and CsCl were purchased from Sigma-Aldrich (Sigma Chemical Co., St. Louis, MO). Sodiumtetraborate-10-hydrat was obtained from Riedel-de Haen (Seeize, Germany). HPLC acetonitrile and HPLC water were purchased from Merck (Darmstadt, Germany). Methods. Adsorption of the Organic Cations on Montmorillonite at Different Ionic Strengths. The adsorption of HDTMA and ODTMA was measured at added concentrations of 0-10 mM by using polycarbonate centrifuge tubes. For concentrations above the CMC, 5 mL of a 0.5% clay suspension (final 1.7 g/L) was added to 10 mL of the organic cation solutions. At added concentrations below the CMC, 60 mL of a 0.033% (final 0.11 g/L) or 0.009% (final 0.03 g/L) clay suspension was added to 120 mL of the cation solutions. Adsorption of ODTMA was also measured in the presence of 100 and 500 mM NaCl or CsCl. The suspensions were kept under continuous agitation, using a shaker, for 3 d to reach equilibration.
The pHs of the HDTMA and ODTMA solutions ranged between 5 and 6.4, depending on the cation concentration. The pH increased to 7.2-7.9 after adding the clay suspension, because of the high pH (7.9) of the clay.
The adsorption of ODTMA on the clay was also carried out by using dialysis bags containing 20 mL of an ODTMA solution inserted into a centrifuge tube containing 40 mL of water reaching the same final concentrations of ODTMA as in the adsorption experiment with tubes. The dialysis bags have a limit of 1000 D on the size of the molecules/ particles that can permeate through them; i.e., the micelles cannot pass through. The clay was added inside or outside the dialysis bag. The suspensions were kept under continuous agitation for 3 d to reach equilibration.
Supernatants were separated by centrifugation at 15000-20000g for 30 min. The precipitates were freeze-dried. The percent of carbon in the precipitates, indicating the amount of cation adsorbed, was measured using a CHNSO analyzer, Carlo-Erba 1108.
Freeze-Fracture Electron Microscopy. For freeze-fracture electron microscopy the samples, ODTMA, montmorillonite, and ODTMA adsorbed on montmorillonite, were quenched using sandwich technique and liquid-nitrogen-cooled propane. Applying this technique, shock freezing of the samples was performed at a cooling rate of about 10,000 degrees per second suppressing any ice-crystal-related artifact formation (22) . The exposed fracture planes were shadowed with platinum for 30 s at an angle of 25-35 degrees, and with carbon for 35 s (2 kV/ 60-70 mA, 1 × 10 -5 Torr) using a freeze-etching device JEOL JFD-9000. The replicas produced by this technique were cleaned with concentrated fuming HNO3 for 24 to 36 h and examined with a transmission electron microscope JEOL 100S.
X-ray Diffraction. The basal X-ray diffraction spacings of ODTMA (6 mM) and ODTMA-clay were measured in the same range of concentrations as in the adsorption measurements. On glass microscope slides, 1.5-2 mL of the ODTMA solution, or of the clay-ODTMA suspension, were placed, and left to sediment as an oriented sample for 3 d. The basal spacing was measured using an X-ray diffractometer (Philips 1030, Philips Scientific and Analytical Equipment, Eindhoven, The Netherlands) with Co KR radiation (λ ) 1.7889 Å).
Model Calculations. Model calculations followed the procedure described earlier (7, 8) . The three main elements of this model are as follows. (1) Consideration of specific binding to the surface. The total amounts of cations adsorbed are composed of cations bound (Stern layer) and those residing in the electrical double layer. (2) The electrostatic Gouy-Chapman equations are solved for a suspension containing cations and anions of various valencies; changes in the surface charge density due to complexation are explicitly considered. (3) The amount of sites in the sorbent is considered, which results in a decrease in the concentration of the cations in solution, in a closed system.
The binding coefficients of the inorganic cations in the system were taken from previous studies (23, 24) . The intrinsic binding coefficients K and K h which reflect the strength of the binding are considered to be parameters that can be determined from adsorption data. The first coefficient, K, defines the formation of a neutral complex between a cation and a site on the clay mineral surface and K h defines a positively charged complex of the cation with a neutral one. To compare experimental data and calculated values, statistical criteria used were R 2 and the root-mean-square error (RMSE).
SFM Incorporation in Micelles. All solutions of SFM were prepared in a buffer solution (pH 8.5) of 70% 0.05 M sodium tetraborate-10-hydrate and 30% 0.1 M HCl. Dialysis bags containing 20 mL of SFM and ODTMA were added to 40 mL of the buffer solution in centrifuge tubes ( Table 4 ). The tubes were kept under continuous agitation for 3 d, reaching equilibration. SFM concentrations were measured inside and outside the dialysis bag to determine the percent of SFM bound to micelles and in solution.
For SFM analysis, all supernatants were filtered with Teflon filters (Pall Corp., Ann Arbor, MI) of 0.2-µm pore diameter. SFM was analyzed by HPLC (Merck Hitachi 6200, Tokyo, Japan) equipped with PDA detector set at a wavelength of 232 nm. The reverse-phase column was LiChrospher 100 RP-18 (5 mM) (Merck, Darmstadt, Germany). The mobile phase was 70% acetonitrile and 30% acidified water (trifluoroacetic acid). The flow rate was 1.0 mL min -1 . The retention time was 2.7 min. The presence of the cations did not cause any interference with SFM detection.
SFM Speciation and Adsorption on Clay with Micelles. All solutions of SFM were prepared in the buffer solution (pH 8.5). Dialysis bags containing 20 mL of SFM and HDTMA or ODTMA were added to 40 mL of the buffer solution in centrifuge tubes (Tables 5 and 6). The tubes were kept under continuous agitation for 3 days, reaching equilibration. To measure SFM adsorption on the clay mineral in the presence of micelles, the clay mineral was added inside the dialysis bags. To measure SFM adsorption on clay without micelles, the clay mineral was added outside the dialysis bags. In both cases SFM concentrations were measured (after filtering the samples) inside and outside the dialysis bag to determine the percent of SFM bound to micelles, adsorbed on clay, and in solution. The concentration of SFM measured outside the dialysis bag is of SFM in solution, while the concentration measured inside the bag is of SFM bound to micelles and of SFM in solution. Because of chemical equilibrium, the concentration of SFM in solution inside and outside the dialysis bag will be the same. The concentration of SFM adsorbed on the clay is deduced by knowing the total amount of SFM added to the system.
RESULTS AND DISCUSSION
Adsorption of ODTMA and HDTMA on Montmorillonite. Adsorption Below the CMC. The adsorption of ODTMA and HDTMA at concentrations below their CMC is presented in Figure 2a ,b. To work at molar concentrations below the CMC and maintain the same range of ratios between the organic cation and clay as used at concentrations above the CMC, the clay concentrations used were very low: 0.03 g/L for ODTMA adsorption and 0.11 g/L for HDTMA adsorption. At these concentrations of organic cations (Figure 2a,b) , there are only monomers in the system, i.e., only monomers can adsorb. In both cases the saturation levels are slightly above the CEC although the clay concentration in ODTMA adsorption was 3-fold less, indicating higher affinity of ODTMA to the clay than that of HDTMA.
Model Calculations. The binding coefficients were determined for concentrations below the CMC as described in ref Table 1 . Values of RMSE fall within the experimental error range. Model calculations were also applied using different ionic strengths (see below). The higher binding coefficients of ODTMA in comparison to those of HDTMA illustrate its higher affinity to the clay.
Effect of Ionic Strength on Monomer Adsorption. The adsorption of ODTMA below the CMC was also measured at different ionic strengths: 100 mM and 500 mM of NaCl or CsCl ( Table 2) . ODTMA adsorption decreased with the increase in the ionic strength. The calculated values of ODTMA adsorption at different ionic strengths are in good agreement with the experimental data. A decrease in cation adsorption with an increase in the ionic strength was also found in the cases of benzyltrimethylammonium (BTMA), benzyltriethylammonium (BTEA) (9, 25) , and HDTMA adsorption (3). The level of reduction in ODTMA adsorption was dependent on the inorganic cation in competition. Cs + had a stronger effect on the decrease in the amounts of ODTMA adsorbed than Na + , which correlates with the higher binding coefficient of Cs + (23). The adsorption of monovalent organic dyes to montmorillonite and pillared clay at amounts exceeding the CEC increased as the ionic strength increased (7, 8, 25) . The explanation was that the increased ionic strength reduced the positive surface potential of the clay and enabled higher cation adsorption. A decrease in ODTMA adsorption at high ionic strength is due to the significantly smaller binding coefficients of ODTMA ( Table 1 ) than those of the dyes, as was also found for BTMA and BTEA (9) .
Adsorption AboVe the CMC. The adsorption isotherms of HDTMA and ODTMA, at added concentrations above the CMC, are presented in Figure 3 . At amounts added less than the CEC (0.8 mmol/g), essentially all the cation was adsorbed, indicating a very large affinity of the cations to the clay mineral. The maximal adsorption levels reached are above the CEC in both cases (1 mmol HDTMA/g clay (125% of the CEC) and 2.56 mmol ODTMA/g clay (320% of the CEC)), indicating higher affinity of ODTMA to the clay. Higher adsorption is expected with an increase in the alkylammonium chain due to larger van der Waals interactions between chains (5). Clearly, the longer alkyl chain of ODTMA, which reduces its CMC, also affects its equilibrium distribution in the suspension toward formation of neutral and charged complexes with the clay mineral sites.
Applying the binding coefficients ( Table 1) at concentrations above the CMC emphasized the large contribution of micelles to the adsorption of ODTMA. The differences between the calculated values and measured ones give an indication of the contribution of micelles (Figure 3) . This phenomenon is more pronounced in the case of ODTMA adsorption because of its high affinity to the clay and its low CMC.
Adsorption of Monomers and Micelles Using Dialysis Bags. Another approach to test micelle versus monomer adsorption was also used. The adsorption of ODTMA added at concentrations above and below the CMC, on montmorillonite, was measured by adding the clay inside or outside the dialysis bag. ODTMA solution was added inside the dialysis bags (in both cases), i.e., the micelles were only present inside the dialysis bag.
At ODTMA concentrations below the CMC, the same amount adsorbed on the clay was expected to be found whether the clay was inside or outside the dialysis bag, as there are only monomers in the system, which can pass through the bag. As shown in Table 3 the amounts of ODTMA adsorbed, when added at concentrations below the CMC, were similar, when the clay was inside or outside dialysis bags. Also, at concentrations added above the CMC the adsorption level in both cases was similar, just 4-11% more when the clay was inside the bag ( Table 3) . We suggest that at added concentrations above the CMC, due to monomer adsorption outside the dialysis bag, monomers from inside the bag will pass through it in order to reach equilibrium and micelles will decompose into monomers and so on. At equilibrium (after 3 days) the levels of ODTMA adsorption on the clay, when added inside or outside the dialysis bag, were similar. However, the adsorption when the clay is added outside should be as monomers; and when added inside should be as monomers and micelles, as in the case of adsorption in tubes. The adsorption of ODTMA as micelles was further demonstrated by adsorption of ODTMA with SFM on the clay mineral and by X-ray diffraction and freeze-fracture measurements (see below).
SFM Incorporation in Micelles.
To evaluate the affinity of the negatively charged herbicide to the positively charged micelles, the herbicide and cation were placed in dialysis bags at different concentrations. By measuring the concentration of SFM inside and outside the bags, the percent of SFM bound to micelles was determined ( Table 4) .
As expected, at concentrations below the CMC, e.g., 0.1 mM ODTMA, no reduction in the solution concentration of SFM was observed. At added concentrations above the CMC, 2.5-15 mM ODTMA, 76.1-89.3% of the added SFM bound to the micelles.
When adding 5 mM ODTMA with increasing concentrations of SFM (0.25-2.5 mM) there was a decrease in the percent of SFM bound to micelles. The percent of SFM bound to micelles increases as the ratio between the two increases, as can also be seen when adding 0.25 mM SFM with increasing concentrations of ODTMA (2.5-8 mM). Increasing the micelle concentration enables more herbicide molecules to bind.
The adsorption of neutral molecules on colloidal particles, e.g., clay minerals, can be described by the Scatchard equation, which is equivalent to the Langmuir equation (26, 27) . We used this model to evaluate the affinity of the herbicide to the micelles, assuming each ODTMA molecule can mostly bind one herbicide molecule. The binding coefficient k (M -1 ) is a rough measure of the affinity of the herbicide to the micelles. The applicability of the Scatchard equation was tested by its ability to adequately simulate the binding results. The results indicated that the Scatchard equation can yield good simulation to the experimental percents of SFM bound (R 2 ) 0.98 and RMSE ) 1.3 × 10 -5 M). The values of binding coefficients provide a convenient scale for comparison, rather than absolute values of the changes of the free adsorption energy (27) . The applicability of the Scatchard (or Langmuir) equation for describing binding of the anionic SFM to the positively charged ODTMA micelles is due to the fact that the molar ratio between SFM and ODTMA was small: 0.03 to 0.1. Consequently, the degree of charge neutralization of the micelles due to SFM binding was not significant. The binding coefficient calculated (500 M -1 ) does not imply high affinity of SFM to the micelles, but the fraction of SFM adsorbed on the clay mineral through its binding to the micelles was high (see below).
SFM Speciation and Adsorption on Montmorillonite in the Presence of Micelles.
The organic cations and the anionic SFM were added inside dialysis bags. The concentration of SFM inside and outside the dialysis bags was measured, which gave the percent of SFM bound to micelles, adsorbed on the clay mineral, and in solution ( Table 5) .
SFM alone did not adsorb on montmorillonite. When adding montmorillonite inside a dialysis bag at increasing concentrations (0-5 g/L) (15 mM ODTMA and 0.75 mM SFM), the percent of SFM adsorbed on the clay increased, whereas the percent of SFM bound to micelles in solution decreased and the fraction of SFM in solution remained constant ( Table 5 ). The same trend was found with HDTMA added at the same concentrations ( Table 6 ). This outcome indicates that essentially only SFM bound to micelles adsorbs on the clay.
When adding 2.5 mM ODTMA and 0.25 mM SFM with increasing clay concentrations, we found the same trend of increased adsorption of SFM up to a clay concentration of 2.5 g/L. However, when reaching higher clay concentrations there was a sharp decrease in the percent of SFM adsorbed and a significant increase in the percent of SFM in solution ( Table  5) . We suggest that the high clay concentration relative to that of ODTMA promoted monomer adsorption, and because of monomer/micelle equilibrium, micelles decomposed, releasing SFM to the solution, with a consequent reduction in SFM adsorption on the clay.
To further test whether the enhanced adsorption of SFM is due to the adsorption of SFM bound to micelles, the adsorption of SFM on the clay mineral was measured by adding 1.6 g clay/L inside and outside the dialysis bag. ODTMA (2.5 mM) and SFM (0.25 mM) were added inside the dialysis bags (in both cases), i.e., the micelles were only present inside the dialysis bag (Table 5) . When the clay was added outside the bag, only 1.6% of SFM was adsorbed by the clay mineral and 83% was bound to micelles, whereas when the clay was added inside the bag, 66% of SFM was adsorbed by the clay and 12% was bound to micelles. The percent of SFM in solution was essentially the same (16-22%). It is clear that when the micelles had access to the clay (clay added inside), a much higher percent of SFM adsorbed on the clay, indicating that SFM bound to ODTMA micelles increases its adsorption by the clay. This outcome is noteworthy, as Table 3 shows that the clay mineral was positively charged due to monomer adsorption when it was outside the dialysis bag, but a very small percent of SFM adsorbed. The same trend of high adsorption of SFM when the micelles had access to the clay (clay added inside) was found when carrying out the experiment with 3.5 g/L clay ( Table 5) .
The result reported in the last row of Table 5 , in which about 80% SFM was bound to micelles for the clay added outside the dialysis bag (3.5 g/L), needs explanation, in view of the fact that when the clay (3.5 g/L) was inside the bag, there was little SFM bound to the micelles. We should recall that the volume of the dialysis bag was a third of the total volume. In the latter case we had initially 7.5 mM ODTMA and 10.5 g/L clay inside the bag. The adsorbed amount of ODTMA as monomers left a very low concentration of ODTMA remaining as micelles, due to their decomposition into monomers. However, when the clay was outside the bag, its concentration there was 5.25 g/L (3.5 g/L total). Hence, a higher concentration of ODTMA remained as micelles enabling high SFM binding, in contrast to little SFM adsorption on the clay.
This was further supported by X-ray diffraction and freezefracture measurements (see below). This experiment, which sheds more light on the micelle-monomer-clay system will also enable us to optimize the design of controlled-release formulations based on anionic herbicide incorporated in the micelles adsorbed on the clay mineral. The implication is that to achieve high SFM adsorption it is necessary not to exceed the clay concentration and search for clay and cation concentrations that will give maximum SFM bound to micelles and maximal adsorption of micelles. In fact, a first attempt gave us 94% of SFM adsorbed by using 5 mM ODTMA, 0.25 mM SFM, and 5 g/L clay. Figure 4c and 4a) . Sharp-edged clods in the size range of 2 to 8 µm visible in Figure 4c indicate that ODTMA monomers, which are able to pass dialysis bags, do not alter the clay particle features. As shown in the adsorption experiments, the level of adsorption of ODTMA on the clay mineral added inside or outside the dialysis bag was similar. However, the freeze-fracture measurements confirmed the expected outcome that no micelles would be seen on the clay, because only monomers can pass through the bag and adsorb.
ODTMA micelles, added unrestrained by dialysis bags to clay in suspension (Figure 4d Figure 4e at higher magnification. Some of the micelle aggregates are marked by arrowheads in Figure 4d and 4e.
4d) as visible in
X-ray Diffraction. The basal spacing of the untreated clay was 14.8 Å, indicating a bilayer of water molecules present between the silicate layers (28) . The diffraction of micelles without clay (6 mM ODTMA) gives a series of very sharp and well-defined peaks, indicating a very organized structure ( Figure  5a ). All the peaks in this series can be ascribed to different orders of a basal spacing of 27.8 Å, according to Bragg's Law: nλ ) 2dsin θ, where λ is the wavelength of the beam, d is the separation between the reflecting lattice planes, θ is the glancing angle, and n is the order (29) . A basal spacing of 27.8 Å can be ascribed to micelles. The length of two HDTMA molecules is between 31 and 35 Å (12) . Considering ODTMA has a longer chain, a spacing of 27.8 Å could represent the presence of somewhat flattened micelles. In Figure 4b the freeze-fracture measurements demonstrated the presence of micelles. Hence, it is possible that under the conditions in Figure 5a , the dominant structure is also micelles, although on the basis of the X-ray diffraction results alone we cannot rule out an arrangement of several bilayers in which ODTMA molecules are arranged in an oblique orientation.
When adding ODTMA at a low loading, 0.5 mM to 1.6 g/L clay (in which case complete adsorption of the cation occurs according to Figure 3) , the basal spacing of the clay mineral, 14.2 Å, is essentially the same as that without ODTMA.
When adding ODTMA at a higher concentration, 6 mM and 1.6 g/L clay inside a dialysis bag (where micelle adsorption was expected), the well-defined series of peaks, due to the micelles (Figure 5a) , and an additional peak at 20.7 Å were observed (Figure 5b) . We also found the same pattern in the presence of 1.25, 1.8, and 2.65 mM ODTMA (results not shown). It should be noted that most of the peaks appeared and yielded the same spacing when we repeated the measurements using another instrument (Philips), where the CuKR radiation was 1.54 Å.
The peak which corresponds to a basal spacing of 20.7 Å and was not observed in Figure 5a (micelles only) can be attributed to pseudotrimolecular layers of ODTMA between the silicate layers (1). The well-defined peaks, as in Figure 5a , could be due to micelle adsorption on the external surfaces of the clay mineral.
When the clay was added outside the dialysis bag ( Figure  5c ) and only monomer adsorption was expected, only one strong peak was observed at 18.3 Å. Such a spacing might be ascribed to a bilayer of ODTMA monomers lying parallel to the surface of the clay mineral as was found for HDTMA (2) . No additional peaks indicating micelle adsorption could be observed. It should be emphasized that the amount of ODTMA adsorbed was similar whether the clay was added inside or outside the dialysis bag. However, in the presence of micelles (clay inside the dialysis bag) the basal spacing was 20.7 Å, indicating a difference in the montmorillonite-ODTMA structure.
When adding 5 mM ODTMA to a very concentrated clay suspension (10 g/L), we predicted that the monomers would adsorb, and due to the high clay concentration, micelles would decompose to monomers similar to the adsorption through dialysis bags, and adsorption of ODTMA with SFM at high clay concentrations (Table 5) . Indeed, this sample exhibited a basal spacing of only 14.8 Å without any additional peaks. This can indicate monomer adsorption, with fewer layers of organic molecules between clay platelets.
CONCLUDING REMARKS
The current study presented model calculations for the adsorption of the organic cation ODTMA as monomers on montmorillonite, which suggested that at ODTMA concentration above the CMC, there must be micelle adsorption on the clay mineral. Adsorption of ODTMA micelles on montmorillonite is the basis for the design of formulations of anionic herbicides, such as SFM, for reducing their movement and leaching in soils, which is a serious environmental and economic problem. This design amounts to incorporating the anionic herbicide in micelles of an organic cation of low CMC, such as ODTMA, and subsequently, adsorbing the micelles on the clay mineral. Our results demonstrated that in large excess of ODTMA, the fraction of an anionic herbicide adsorbed increased by increasing the clay concentration. However, in other cases, an increase in clay concentration eventually resulted in micelle disintegration into monomers, due to monomer adsorption on the clay mineral, which depletes the micelles from solution. Hence, an understanding of the adsorption pattern and the ability to predict it is essential for an optimal design of micelle-clay based formulation of anionic herbicides. Micelle adsorption on montmorillonite was observed by freeze-fracture electron microscopy and was also suggested by X-ray diffraction measurements. These measurements exhibited the presence of several well-defined peaks under conditions that ODTMA micelles could adsorb, e.g., when ODTMA and the clay mineral were inside a dialysis bag, whereas only a single peak of the basal spacing (18.3 Å) was present when the clay was placed outside the dialysis bag. Under this condition, no adsorbed micelles were observed by freeze-fracture electron microscopy. The biological efficiency Figure 5 . X-ray diffraction of (a) 6 mM ODTMA, (b) 6 mM ODTMA added to 1.6 g/L clay added inside a dialysis bag, and (c) 6 mM ODTMA added to 1.6 g/L clay added outside a dialysis bag.
